The utilization of dissolved organic phosphorus (DOP) by the two toxic dinoflagellates Alexandrium tamarense (Lebour) Balech and Gymnodinium catenatum Grahamm which were isolated from Hiroshima Bay, Japan, was studied. Alexandrium tamarense grew poorly on fructose-6-phophate, glucose-1-phosphate, glycerophosphate, and ribose-5-phosphate with a phosphomonoester bond, although it grew well on the nucleotides adenosine-5-diphosphate (ADP) and adenosine triphosphate (ATP), as well as on dissolved inorganic phosphorus (DIP; as metaphosphate, pyrophosphate, tripolyposphate and orthophosphate). The results imply that A. tamarense was able to utilize DOP and DIP from ambient water using nucleotidase, pyrophosphatase and polyphosphatase, which hydrolyze phosphodiesters. In contrast, G. catenatum was able to utilize DOP compounds of various molecular weights and structures as well as DIP. In time-course experiments, alkaline phosphatase activity (APA) was induced at orthophosphate concentrations of 0.43 mmol/L and 3.3 mmol/L for A. tamarense and G. catenatum, respectively, and APA increased with orthophosphate depletion. The experiments also demonstrated that APA was maximum at the optimum temperatures for the growth of A. tamarense and G. catenatum; that is, 15∞C and 25∞C, respectively. These results suggest that the DIP-depleted conditions in Hiroshima Bay might have led to the outbreaks of noxious dinoflagellates in recent years.
INTRODUCTION
Alexandrium tamarense (Lebour) Balech and Gymnodinium catenatum Graham are toxic dinoflagellates that cause paralytic shellfish poisoning (PSP) in coastal waters. [1] [2] [3] [4] Both species have been observed in Hiroshima Bay, Japan. The A. tamarense population has increased in the bay since 1992, resulting in damage to the oyster culture valued at more than 18 hundred million yen (ªUS$18 million 5, 6 ). In contrast, the G. catenatum population, which was first reported in Hiroshima Bay approximately 35 years ago, 7 remains relatively small.
Phosphate is an essential nutrient required by algae for various metabolic activities. 8 Phosphate appears to limit primary productivity in some coastal waters. The water of Hiroshima Bay has been reported to have limited quantities of phosphate. 9 Some algae are capable of obtaining phosphate from dissolved organic phosphorus (DOP) in the absence of dissolved inorganic phosphorus (DIP) to sustain their growth. 10 In the water of Hiroshima Bay, approximately one-third of the total dissolved phosphorus (TDP) comprises DOP. 9 Although the chemical composition of DOP still remains poorly characterized because of the compound's diversity and complexity, 11 Suzumura et 12 In contrast to DOP, HMW dissolved organic nitrogen (DON) seems to be biologically refractory, although they have not yet been identified. 13 Phosphatases play an important role in hydrolyzing phosphate esters in the phosphate cycle in seawater.
14 These enzymes are usually associated with the cell membranes of microbial organisms. 15, 16 Hydrolysis by enzymes liberated from the cell membranes of aquatic organisms can also occur in the surrounding water. The enzymes can be divided into two types, acid phosphatase and alkaline phosphatase, depending on the pH of their optimum activity. 8, 17 Most phytoplankton species commonly possess alkaline phosphatase which hydrolyzes phosphomonoesters in the surrounding water, 18, 19 whereas some restricted species have an acid phosphatase. 20 The purpose of the present study was to examine the utilization of various forms of DOP for growth by A. tamarense and G. catenatum. The recent trend of DIP depletion in Hiroshima Bay might be a trigger to providing a niche for those species that have the ability to utilize DOP. The ecologic implications, such as the advantages and disadvantages of species competition, are also discussed.
MATERIALS AND METHODS

Strain and culture conditions
Strains of A. tamarense and G. catenatum were isolated from Hiroshima Bay in March 1997 and December 1997, respectively. The isolates were rinsed repeatedly with sterile seawater during the log growth phase. This procedure was repeated until axenic conditions could be confirmed using fluorochrome 4¢,6-diamidino-2-phenylindole (DAPI) staining. 21 Stock cultures were maintained in Hiroshima Bay water enriched with f/2 medium 22 without silicate. Selenium (as H 2 SeO 3 ) was added to the medium at a concentration of 0.001 mM as suggested by Doblin et al. 23 Temperature, salinity and light conditions for both stock cultures were 15∞C, 30 psu and 300 mmol/m 2 per s. Cool-white fluorescent lamps with an illumination cycle of 12 h : 12 h light/dark cycle (06.00-18.00 light) were used.
In this study, all equipment and glassware was washed with approximately 30% v/v HCl to remove substances such as ammonia and metals which might attach to their walls, and was thoroughly rinsed with distilled water and then autoclaved (202 kPa, 20 min). Sterilization of the media was achieved using a membrane filter (0.22 mm filter unit with a filling bell, Sterivex-GS; Millipore, Bedford, MA, USA). Stock cultures were reconfirmed to be axenic by DAPI staining and Marine Agar 2216 (Difco, Detroit, MI, USA).
Utilization of phosphorus compounds by
Alexandrium tamarense and
Gymnodinium catenatum
The ability of A. tamarense and G. catenatum to utilize various DOP along with DIP compounds for growth were investigated using an artificial seawater L1 medium. 24 27 Because the present experimental work was conducted in parallel with their study, temperature was set at 15∞C, which is the in situ temperature when the strain was isolated (December 1997). Therefore, the results obtained in the experiment on G. catenatum should be evaluated as relative values.
Prior to the phosphorus utilization test, phosphate-deficient cells (ambient orthophosphate concentration less than the detection limit of 0.01 mM and no cell growth) were prepared by preincubating with phosphate-depleted L1 medium for 10 days (A. tamarense) and 16 days (G. catenatum). Initially, pH of the medium was adjusted to 8.0. Although the pH was not checked during the experiments, almost no change in pH could be assumed because filter-capped culture vessels were placed in an oblique position to maintain a large surface area of the medium, thus enabling easy gas exchange.
The utilization of phosphate compounds was examined using 17 phosphorus sources (Table 1) . Enough phosphate compound was added to a test tube (13 mm ¥ 100 mm) containing filter-sterilized phosphate-depleted L1 medium (0.22 mm; Millipore) such that its final concentration became 25 mM (Table 1 ). The inoculum size of each species was adjusted to be approximately 100 cells/ml. Everyday, at the same time (10.00 hours), in vivo fluorescence was measured using a fluorometer (Model 10-100R; Turner Designs, Mountain View, CA, USA) after shaking the test tubes with a gentle touch mixer for 3 s to ensure homogeneity. This treatment was confirmed by microscopic examination not to be harsh to the cells in comparison FISHERIES SCIENCE SJ Oh et al. to shaking by hand. To obtain stable fluorescence values, samples were kept in a dark box for 10 min before measurements were taken. 28 Growth rate was calculated using data from the exponential growth phase by a least squares regression of the natural logarithm of fluorescence on day number. Measurements were taken in triplicate. If one of the three readings showed an apparently different growth trend from the other two, it was excluded from the calculation. At the end of experiments, the culture was confirmed to be axenic with Marine Agar 2216 (Difco).
Alkaline phosphatase activity of Alexandrium tamarense and Gymnodinium catenatum
Batch culture experiments were carried out to monitor the time-course of alkaline phosphatase activity (APA) of axenic A. tamarense and G. catenatum with decreasing orthophosphate concentrations. Cells at the late log-phase were harvested from stock culture and inoculated into a 2-L Erlenmeyer flask containing 1 L of solution of artificial seawater with L1 medium of 5 mmol/L orthophosphate concentration. The culture conditions were set at the optimal growth temperature (15∞C for A. tamrense and 25∞C for G. catenatum), salinity (30 psu), and light intensity (300 mmol/m 2 per s; 12 h : 12 h light/dark cycle). During the experiments, 100 mL samples were taken from the culture every two days. Cell number was counted under a light microscope, and orthophosphate concentration in the medium was determined by the method of Strickland and Parsons. 29 As . After incubation for 1 h, the reaction was terminated by cooling in an ice bath. The cell suspension was centrifuged, and the p-nitrophenol (NP) concentration in the supernatant was determined using a spectrophotometer (model U-2001; Hitachi, Tokyo, Japan). Alkaline phosphatase activity was evaluated as nmol NP/cell per h.
In vivo APA of A. tamarense and G. catenatum grown at 10∞C, 15∞C, 20∞C, 25∞C, 30∞C and 35∞C was also measured in order to evaluate the temperature dependency of APA. A volume of 2 mL of stock culture (ª 100 cells/mL) was inoculated into a 50 mL tissue culture flask with filter containing 25 mL f/2 medium. The temperature was raised or lowered by 1∞C each day. The total number of days allowed for acclimation was 30, which included the acclimation period for each temperature. Alkaline phosphatase activity was measured by the same method as described earlier. Cell number was also counted. The experiments were conducted in duplicate for each temperature condition.
Measurements of dissolved inorganic phosphorus and dissolved inorganic nitrogen in the water of Hiroshima Bay
Using a Van Dorn sampler, seawater samples were collected seasonally during 1991-1998 from the water's surface at 11 stations in Hiroshima Bay (see Fig. 4 for station locations). Dissolved inorganic phosphorus and dissolved inorganic nitrogen (DIN) were determined by the method of Strickland and Parsons 29 for the filtered surface water samples (0.45 mm pore size, Millipore HA, vacuum pressure < 150 mmHg). In the present study, the DIN : DIP ratio of the surface water was calculated for each station to evaluate the chemical conditions in terms of nutrients for the growth of the concerned species.
RESULTS
Utilization of phosphorus compounds by
Alexandrium tamarense and
Gymnodinium catenatum
The addition of DOP to cultures of A. tamarense generally resulted in both low fluorescence yields ( Fig. 1 ) and low growth rates (Table 2 ). In particular, growth rates with fructose-6-phospate (F6P), fructose-1,6-diphosphate (FDP), glucose-1-phosphate (G1P), glycerophosphate (Glycero-P), guanosine-5-monophosphate (GMP) and ribose-5-phosphate (R5P) were lower (0.19-0.26/day) than that with orthophosphate (0.43/day), with exceptions of higher growth rates with cytidine-5-monophosphate (CMP; 0.40/day) and uridine-5-monophosphate (UMP; 0.42/day). Conversely, growth rates with metaphosphate (Meta-P), pyro-phosphate (Pyro-P) and tripolyphosphate (Tripoly-P) of DIP (0.40-0.42/day) were similar to that of orthophosphate. Moreover, it was noted that adenosine-5-diphosphate (ADP; 0.46/day) and adenosine triphosphate (ATP; 0.44/day) of the nucleotide group enhanced the growth of A. tamarense, as shown in Table 2 .
In contrast to A. tamarense, G. catenatum utilized a wide variety of DOP compounds as well as DIP compounds (Fig. 1) . However, the growth rates of G. catenatum were generally lower than those of A. tamarense ( Table 2 ). The experimental temperature, 15∞C, which was lower than the optimal temperature (25∞C) may have suppressed their growth, although Yamamoto et al. have found that the maximum growth rate at the optimal temperature is not very high either (0.37/day). 27 The growth rate of A. tamarense and G. catenatum with NPP, which is not found in the natural environment, was similar to that with natural phosphomonoesters (Table 2) .
Alkaline phosphatase activity of Alexandrium tamarense and Gymnodinium catenatum
The APA of A. tamarense increased with decreasing orthophosphate concentration, and reached a maximum (0.054 nmol NP/cell per h) at the senescent phase (Fig. 2) . Alkaline phosphatase activity was first detected (0.011 nmol NP/cell per h) when the orthophosphate concentration decreased to 0.43 mmol/L (day 5). Similarly, an increase in APA with decreasing orthophosphate was found for G. catenatum (Fig. 2) . Unlike A. tamarense, G. catena- The temperature dependency of APA was different for A. tamarense and G. catenatum (Fig. 3) . The maximum APA of A. tamarense was observed at 15∞C (0.038 nmol NP/cell per h), whereas that of G. catenatum was at 25∞C (0.10 nmol NP/cell per h). The levels of these values were seemingly the same as those obtained at their senescent phase in the time-course experiments.
Ratio of dissolved inorganic nitrogen to dissolved inorganic phosphorus of Hiroshima Bay water
Apparent spatial and temporal variations were found in the DIN : DIP ratio of Hiroshima Bay water during the study period of 1991-1998 (Fig. 4) . It was relatively high in the northern area, being 28-34, and low in the southern area, being 12-17. Generally, higher values were observed in spring and summer, and lower values were observed in autumn and winter. In northern Hiroshima Bay, the average values (± SD) in spring and summer were 63 ± 8 and 33 ± 13, and those in autumn and winter were 12 ± 4 and 21 ± 9. In the southern area, the average values were 13 ± 7 in spring, 20 ± 8 in summer, 11 ± 2 in autumn, and 14 ± 4 in winter.
DISCUSSION
Alexandrium tamarense and G. catenatum are capable of using both DIP and DOP, although the mechanism and degree of utilization appear to be different for each phosphate compound. In the experiments of the present study, A. tamarense grew well in treatments with nucleotides (ATP and ADP except GMP) and some phosphomonoesters (CMP, UMP) as well as DIP (such as Meta-P, Pyro-P, Tripoly-P and Ortho-P), but grew poorly in treatments with F6P, G1P, Glycero-P and R5P, which are all compounds that have a phosphomonoester changeable phosphorus composition of natural seawater. Yamaguchi and Itakura have observed a low fluorescence yield of Gymnodinium mikimotoi when using NPP as a growth substrate. 32 They recommended the use of any substrate other than NPP to evaluate the APA of dinoflagellates. However, for A. tamarense and G. catenatum, growth rates with NPP were not always low compared to those with other phosphomonoesters. González-Gil et al. have also reported that various substrates other than NPP produced no significant differences in the APA of phophate-starved cells of Alexandrium fundyense, Amphidinium sp. and Isochrysis galbana. 16 The utilization of NPP as a growth substrate might be a species-specific characteristic. bond (Table 2 ). Although the growth of A. tamarense is possible in high Na 2 -glycerophosphate concentrations, 31 the present study's results strongly suggest that A. tamarense prefers to utilize compounds with phosphodiester bonds to compounds with phosphomonoester bonds. This implies that the activities of nucleotidases, pyrophosphatases and polyphosphatases, which hydrolyze phosphodiesters, would be high in A. tamarense cells. In contrast, G. catenatum was able to utilize DOP compounds of various molecular weights and structures as well as DIP, although the temperature set in the experiments was not optimum for growth. This implies that G. catenatum may be in an advantageous position considering the temporally and spatially Alkaline phosphatase (AP) and nucleotidase contribute significantly to phosphate regeneration in aquatic ecosystems. 15, [33] [34] [35] Of these, AP has been used to indicate whether quantities of phosphate for phytoplankton growth are limited because of its higher sensitivity to low orthophosphate concentrations compared with 5¢-nucleotidase. 36, 37 In the time-course experiments of the present study, APA was induced at orthophosphate concentrations of 0.43 mmol/L and 3.3 mmol/L for A. tamarense and G. catenatum, respectively. In Pyrocystis noctiluca, APA was detected at orthophosphate concentrations of less than 0.05 mmol/L, and was completely repressed at 3.0 mmol/L. 38 Although Nausch has implied that the threshold concentration of orthophosphate could be defined approximately as 1 mmol/L for the natural phytoplankton community in the southern Baltic Sea, 39 the threshold DIP concentration that induces APA could be dependent on species.
Little is known about the effects that various environmental parameters have on APA. The experiments of the present study demonstrated that the APA of A. tamarense and G. catenatum were a maximum at their optimum growth temperatures, and were repressed to some extent at suboptimal ambient temperatures (Fig. 3) . It is interesting that AP associated with the outer surface of cell membranes showed highest activity at the optimum temperature for growth. This indicates that the optimal temperature for the growth is also the optimum for APA.
Alkaline phophatase appears to be bound usually to the cell's surface in most phytoplankton, bacteria and seagrasses, 14, 40, 41 although the fact that the AP of Alexandrium fundyense is localized inside the cell has been reported to be an exception. 16 Assuming that the cell of A. tamarense and that of G. catenatum are spherical, the surface area can be estimated to be 3.8 ¥ 10 -3 mm 2 for the former and 8.5 ¥ 10 -3 mm 2 for the latter, indicating that G. catenatum has about twice the surface area of A. tamarense. This could coincidentally account for the APA of G. catenatum (0.11 nmol NP/cell per h) being twice that of A. tamarense (0.054 nmol NP/cell per h), although further investigation of the AP distribution in these two species and quantification of their activity in different temperatures is required.
Meanwhile, Kufel 42 and Hernández et al. 43 have reported that APA tends to increase with an increase in the surface area to volume ratio (S : V) among aquatic photosynthetic organisms, including small cyanobacteria and large-rooted angiosperms. The APA of the much smaller dinoflagellate Prorocentrum minimum, which has a surface area of 0.8 ¥ 10 -3 mm 2 (estimated as an ellipsoid), is 0.11 ¥ 10 -3 nmol NP/cell per h. 40 With this estimate, the results show that an inverse relationship exists between APA and the S : V ratio (Table 3) . Within the dinoflagellate group, species with a smaller surface area could have the ability to utilize DIP even in low DIP environments. A trade-off between cell size and utilization ability of DOP may be assumed.
Although species with a low half-saturation constant is advantageous for nutrient uptake at low nutrient concentrations, it may also decrease the need for DOP utilization. For example, a common diatom Skeletonema costatum has a low half-saturation constant (0.68 mmol/L) for DIP uptake compared with A. tamarense (1.85-2.6 mmol/L). [44] [45] [46] The half-saturation constant of G. catenatum for DIP (3.4 mmol/L; Yamamoto T., unpubl. data, 2001) is much higher than that of A. tamarense. The orthophosphate concentration at APA induction was 0.43 mmol/L and 3.3 mmol/L for A. tamarense and G. catenatum, respectively (Fig. 2) . These values seem to be in good accordance with their half-saturation constant values.
The administrative directive by the Japanese Government to reduce total phosphorus loads has obviously reduced the concentration of DIP in the waters of Hiroshima Bay 9 as well as in other coastal waters around Japan since the 1980s. Therefore, a DIN : DIP ratio higher than that of the Redfield ratio (i.e. 16) was observed in northern Hiroshima Bay, which is influenced by the Ohta River (Fig. 4) , a major source of both organic and inorganic matter input into the bay.
According to Yamamoto and colleagues, the surface water's DIP concentration was often below the detection limit (0.01 mmol/L) in spring and summer. 9 If we assume that phytoplankton take up 
